Redox flow batteries (RFBs) are one of the most promising scalable electricity-storage systems to address the intermittency issues of renewable energy sources such as wind and solar. The prerequisite for RFBs to be economically viable and widely employed is their low cost. Here we present a new zinc-iron (Zn-Fe) RFB based on double-membrane triple-electrolyte design that is estimated to have under $100 per kW h system capital cost. Such a low cost is achieved by a combination of inexpensive redox materials (i.e., zinc and iron) and high cell performance (e.g., 676 mW cm À2 power density). Engineering of the cell structure is found to be critical to enable the high power density. Our cost model
A zinc-iron redox-flow battery under $100 per kW h of system capital cost † Redox flow batteries (RFBs) are one of the most promising scalable electricity-storage systems to address the intermittency issues of renewable energy sources such as wind and solar. The prerequisite for RFBs to be economically viable and widely employed is their low cost. Here we present a new zinc-iron (Zn-Fe) RFB based on double-membrane triple-electrolyte design that is estimated to have under $100 per kW h system capital cost. Such a low cost is achieved by a combination of inexpensive redox materials (i.e., zinc and iron) and high cell performance (e.g., 676 mW cm À2 power density). Engineering of the cell structure is found to be critical to enable the high power density. Our cost model
shows that a Zn-Fe RFB demonstrates the lowest cost among some notable RFBs and could reach the 2023 cost target set by the U.S.
Department of Energy ($150 per kW h).
The widespread deployment of renewable energies such as wind and solar calls for energy-storage systems to smooth out their intermittent electricity generation. Various technologies have been introduced, including physical methods such as pumped hydro and compressed air, and electrochemical methods such as regenerative fuel cells and rechargeable batteries. [1] [2] [3] [4] [5] [6] [7] Redox flow batteries (RFBs) are one of the most promising systems due to their excellent scalability. Freeing the redox pairs from the solid electrodes into flowing electrolytes allows independent engineering for energy (through electrolytes) and power (through electrodes), leading to flexibility in system design and deployment. [8] [9] [10] [11] [12] One of the prerequisites for RFBs to be widely employed in energy storage is their low capital cost. To make electricity-storage systems economically viable, the US Department of Energy has set a system capital cost target of $150 per kW h by 2023, 13 and an even lower target of $100 per kW h is needed to match the existing grid-level storage technologies of pumped hydro and compressed air. However, these targets have not been met so far due to the high cost of redox pairs and/or the low power density of cells. For example, the most developed all-vanadium (denoted as all-V) RFBs currently have a system capital cost around B$300-$800 per kW h. 14 Here we design a new RFB that uses low-cost redox pairs (i.e., zinc and iron, denoted as a Zn-Fe RFB) and demonstrates high power density (e.g., 676 mW cm
À2
); the Zn-Fe RFB therefore offers a potential system capital cost of less than $100 per kW h.
The RFB system cost has two major contributions: electrolyte cost and stack cost:
where, C sys , C e and C s are the system, electrolyte and stack cost ($ per kW h), respectively; U e is the unit cost of the electrolyte including redox elements and supporting salts/acids/bases ($ per A h); U s is the unit cost of the stack including electrodes, membranes and bipolar plates ($ per m 2 ); V eff is the effective discharge cell voltage (V); t is the designed discharge duration (h); and I is the current density (A m
). From eqn (1), a low system cost can be achieved by minimizing U e and/or U s , or maximizing V eff . Low U e and U s can be obtained by using low cost redox pairs and stack materials, while high V eff requires high reversible cell voltage, and small overpotential and internal resistance, as shown in eqn (2) .
where, V rev is the reversible voltage, Z is the total activation overpotential at both electrodes (V), I is the current density and R is the area-specific internal cell resistance (O cm 2 ).
Current RFBs cannot satisfy simultaneously low U e and high V eff at high current densities. As a reference, the challenges facing two notable RFBs are described here. All-V RFBs recently achieved a dramatic improvement in their V eff at high current density by reduction of internal resistance, but their U e is too high. 15 The vanadium material alone would cost $64 per kW h (Table S1 , ESI †). On the other hand, Cr-Fe RFBs have low U e , but their V eff is low due to the intrinsically low reversible cell voltage and sluggish kinetics of the Cr redox pair. 16 It is therefore imperative to find two redox pairs that have low elemental cost, fast redox kinetics, and high reversible voltage. Zn and Fe are two elements with the potential to satisfy these low cost requirements. Specifically, the use of Zn in a basic environment and Fe in an acidic environment has been seen in many RFBs due to their low elemental cost, facile redox kinetics, and desirable standard potential (f Zn(II)/Zn = À1.22 V vs. SHE in base, pH = 14; and f Fe(III)/Fe(II) = 0.77 V vs. SHE in acid, pH = 0). 17, 18 In addition, the long-standing concern of Zn dendrite formation is precluded by the flowing electrolyte in RFBs. 19 Each of the two redox pairs has been separately used in the construction of many promising RFBs; 17, 18, 20 however, the combination of the two redox pairs in one cell cannot be realized by the conventional single-membrane cell configuration. In this work, the Zn-Fe RFB is fabricated using a double-membrane design that enables the use of redox pairs of different ion charges and supporting electrolytes of different pHs. 21 The working principles of the Zn-Fe RFB based on the basic Zn redox pair and the acidic Fe redox pair are illustrated in Fig. 1 , and the negative and positive electrode reactions are shown in eqn (3) and (4), respectively.
Positive electrode: 2Fe
The combination of the Zn redox pair in base and the Fe redox pair in acid has the potential to achieve very low system capital cost: (Fig. S1 , ESI †). These small overpotentials observed in this work are consistent with data reported in the literature. 19, 20 A sufficiently low cell resistance is then the remaining barrier to achieving the low cost. Unlike traditional singlemembrane RFBs, the double-membrane design used by the Zn-Fe RFB requires an additional membrane and electrolyte, which adds challenges for managing the cell resistance. The study shows that the total cell resistance consists of two components: ohmic resistance (R o ) mostly from the two membranes and three electrolytes; and concentration-polarization resistance (R cp ) caused by insufficient ion diffusion in the middle electrolyte. 23 Specifically, the concentration-polarization resistance originates from the accumulation or depletion of Na View Article Online standard voltage. R cp , on the other hand, depends on various structural and operational parameters 24 ( Fig. S2b, ESI †) . R cp can be quantitatively measured by subtracting the constant R o from total cell resistance obtained at different flow rates and/or different current densities. Fig. 2 shows the impact of flow rate and current density on R cp with different thicknesses of the middle electrolyte (0.5, 2. 0, and 3.5 mm). We found that the operational and structural parameters can be correlated to a dimensionless number X characterizing R cp :
, where, Q is the flow rate; d and w are thickness and width of the middle electrolyte, respectively; I is current density; F is the Faraday's constant; C is the salt concentration of the middle electrolyte. The quantity X represents the ratio of vertical velocity of convection (direction of electrolyte flow) to horizontal velocity of ion diffusion (direction of current flow). From regression analysis, increasing X can effectively depress R cp to a negligible level (Fig. S4a, ESI †) . This relationship illustrates the general resistance behavior with respect to cell structural and operational parameters. The theoretically calculated R cp also has a similar trend with respect to the dimensionless number X (Fig. S4b and c , suggesting that the manipulation of cell structural and operational parameters is effective to minimize R cp .
With an engineered middle electrolyte, the Zn-Fe RFB achieves high performance (Fig. 3) . A peak power density of 676 mW cm À2 was delivered during discharge at a current density of 660 mA cm À2 at 70% of state of charge (Fig. 3a, state of charge, SOC, is calculated as a percentage via dividing available capacity for discharge by total capacity of the battery). This peak power density is the highest among all RFBs based on zinc (B200 mW cm À2 for the Zn-Br RFB to our best estimation 25 ) or iron (257 mW cm À2 for the H-Fe RFB 20 ) and among the highest among advanced RFBs including quinone-Br RFBs (600 mW cm À2 ), 26 all-V RFBs (1300 mW cm À2 ), 27 and H-Br RFBs (1450 mW cm
). 28 In addition, even at I = 600 mA cm À2 , V eff remains at 1.1 V, which is comparable to V rev of some of the most advanced RFBs. The charge polarization also demonstrated high power density, comparable to discharge power density. Zn-Fe RFBs also showed a very high coulombic efficiency of 99.9% regardless of current density (Fig. 3b) , indicating excellent isolation of two redox pairs, owing to the double-membrane cell configuration. In addition, the Zn-Fe RFB showed no decrease in coulombic efficiency (99.9%), voltage efficiency (76%) and capacity after 20 cycles at 80 mA cm À2 current density with 75% state of charge (SOC) swing ( Fig. 3c and d) .
Low element cost and high performance make the Zn-Fe RFB very attractive in terms of the total capital cost. To quantify the capital cost of the double-membrane RFB system, we adapted the cost model for all-V and Fe-V RFBs developed by View Article Online the Pacific Northwest National Lab (PNNL). 29 Based on the excellent PNNL model that (1) considered the geometry of cell, the configuration of stack, and auxiliary RFB components, (2) adopted the reliable pricing information, and (3) minimized the total capital cost, in this work we have expanded the model: (1) from a single-membrane configuration to a double-membrane configuration, and (2) from all-vanadium chemistry to various other redox chemistries. Note that the cost analysis was based on the small-scale experimental results. Although the model has already considered the performance losses during scaling up, the practical performance of the Zn-Fe RFB in a large scale may vary. Fig. 4 shows the results of the total capital cost of a 1 MW/8 MW h system for Zn-Fe RFBs and a few most notable RFBs, including all-V, 29 quinone-bromide, 26 hydrogen-bromide (membraneless) 30 and chromium-iron. 18 Cost contributions and round-trip efficiency are also mapped over the range of current densities (Fig. S5 , ESI †). At a current density of 40 mA cm À2 , a total capital cost of $150 per kW h is projected (with 74% of overall energy efficiency at the system level), which meets the 2023 DOE's cost target ($150 per kW h). Increasing current density will result in an even lower overall capital cost but decreased system efficiency, for example, a current density of 80 mA cm
(65% system efficiency) will lower the total capital cost to $100 per kW h. It should be noted that the designed discharge duration is also an important factor determining the total capital cost of RFB systems. The system capital cost decreases with increasing discharge duration, and it is below $150 per kW h when the discharge duration is greater than 5 hours (Fig. S6 , ESI †). In this work, we focus on engineering the middle electrolyte, leaving out the optimization of membranes and electrodes common to most RFB efforts. The system efficiency is expected to be improved by further reducing the cell resistance via adopting highly-conductive and selective membranes and engineering electrodes.
Our results demonstrate that the Zn-Fe RFB can deliver high power density with inexpensive materials, making it the one of the most cost-effective RFB systems. The Zn-Fe RFB is able to meet the $100 per kW h of the capital cost (with 65% system efficiency), although a significant amount of work is still needed such as long-term durability testing and scale-up to large cells and stacks before industrial implementation. View Article Online
